Efforts to describe toxins from the two major families of venomous snakes (Viperidae and Elapidae) usually reveal proteins belonging to few structural types, particular of each family. Here we carried on an effort to determine uncommon cDNAs that represent possible new toxins from Lachesis muta (Viperidae). In addition to nine classes of typical toxins, atypical molecules never observed in the hundreds of Viperidae snakes studied so far are highly expressed: a diverging C-type lectin that is related to Viperidae toxins but appears to be independently originated; an ohanin-like toxin, which would be the third member of the most recently described class of Elapidae toxins, related to human butyrophilin and B30.2 proteins; and a 3FTx-like toxin, a new member of the widely studied three-finger family of proteins, which includes major Elapidae neurotoxins and CD59 antigen. The presence of these common and uncommon molecules suggests that the repertoire of toxins could be more conserved between families than has been considered, and their features indicate a dynamic process of venom evolution through molecular mechanisms, such as multiple recruitments of important scaffolds and domain exchange between paralogs, always keeping a minimalist nature in most toxin structures in opposition to their nontoxin counterparts.
T HE venomous snakes are classified in four main families: Colubridae, Viperidae, Elapidae (including Hydrophiinae), and Atractaspidae (Campbell and Lamar 2004) . The first three families are present in the New World, where Viperidae (Crotalinae subfamily: pit vipers) is the predominant group. The general composition of snake venoms varies between each family, from genus to genus, and even between species, with toxin shapes restricted to some groups and absent in others. For instance, postsynaptic neurotoxins belonging to the three-finger scaffold group are widely distributed in Elapidae snakes (Endo and Tamiya 1991) , reported in Colubridae (Fry et al. 2003a ), but, until now, not indubitably found in Viperidae. For this reason, Elapidae envenoming has adopted a highly neurotoxic strategy, whereas Viperidae evokes complex hemorrhagic and inflammatory effects.
Among the pit vipers (the Viperinae subfamily of the Viperidae), the genus Lachesis is particularly interesting in containing the longest vipers of the world, up to 3.5 m, and also the largest venomous snakes of the Americas (Campbell and Lamar 2004) . Lachesis muta (popular names: Surucucu, Bushmaster) is the one with the widest geographical distribution (Zamudio and Greene 1997) . Nausea, hypotension, bradycardia, shock, and even death due to hemorrhagic, coagulant, and neurotoxic activities comprise the envenoming features ( Jorge et al. 1997) and are probably a consequence of the direct action of the few molecules already characterized from L. muta. They are common pit viper toxins, such as serine proteases (Weinberg et al. 2004) , snake venom metalloproteases (SVMPs) , phospholipases A2 (PLA2s) (Damico et al. 2005) , and a C-type lectin (Castro et al. 1999 ).
An extensive knowledge of the compositions of venoms is important not only for the comprehension of the envenoming but also for the understanding of the possible origins and evolutionary tracks that specialized molecules (toxins) are able to follow during differentiation from their nontoxin ancestor counterparts. For instance, did some existing polypeptide scaffolds become allocated to other functions, and, if so, how did Sequence data from this article have been deposited with the EMBL/ GenBank Data Libraries under the following full-length confirmed cDNA accession nos.: DQ396473-DQ396477. EST clusters in GenBank dbEST are from DY403159 to DY404320. 1 they diverge and become exchanged? This question is being examined with the new and the available databases, and new descriptions of novel venom gland components will be especially helpful (Alape-Giró n et al. 1999; Fry 2005; Fry et al. 2006) . In addition, toxins are powerful tools for understanding physiological processes and for generating drug developments. But technically, the efforts to describe venom constituents are usually directed toward isolating toxins responsible for largely known activities, which reduces the chances of finding unusual constituents. Transcriptomic or proteomic studies could provide an opportunity to find unresearched molecules, providing insights into the real diversity of venom composition. For these reasons, we generate and analyzed an expressed sequence tags (ESTs) database from L. muta venom gland. This first set of cDNAs from this animal, and one of the few from a reptile, allowed the identification of new and very unexpected molecules, some common to other snake families and paradigmatically supposed to be absent from Viperidae. In this article we describe the characteristics of these molecules and provide some clues about the possible mechanisms involved in their origins under a general overview of the transcriptome of the L. muta venom gland.
MATERIALS AND METHODS
cDNA library construction and EST generation: A specimen of L. muta had been kept for years at the serpentarium of Fundac xão Ezequiel Dias (Belo Horizonte, Brazil) for the production of antivenom serum. The pair of venom glands was obtained a few moments after its natural death and total RNA was isolated following the procedure described by Chirgwin et al. (1979) . mRNA purification was performed on a column of oligo(dT) cellulose (Amersham Biosciences) and its integrity was evaluated by in vitro translation in a rabbit reticulocyte lysate system (Pelham and Jackson 1976) . The cDNAs were synthesized from 5 mg of mRNA using the Superscript plasmid system for cDNA synthesis and cloning (Invitrogen, San Diego), directionally cloned in pGEM11Zf1 plasmid (Promega, Madison, WI) and transformed in Escherichia coli DH5a cells, as described in Junqueira-de-Azevedo and Ho (2002) . For large-scale DNA sequencing (EST generation), random clones were grown in antibiotic selective medium for 22 hr and plasmid DNA was isolated using alkaline lysis, as described in Junqueira-de-Azevedo and Ho (2002) . The DNA was sequenced on an ABI 3100 sequencer using BigDye2 kit (Applied Biosystems, Foster City, CA) and the standard M13 forward primer.
Clusters assemble and identification: The chromatogram files of sequences were exported to a database in a LINUXbased workstation running a homemade pipeline of sequence analysis software: The Phred program (Lazo et al. 2001 ) was used to remove poor quality sequences by trimming sequences with quality below a Phred value of 20 in 75% of a window of 75 bases. The CrossMatch program was used to remove specific vector sequences, 59 adapters, and 39 primers containing poly(A/T) sequences .15. Sequences ,150 bp (after trimming) were also discarded. A final manual examination and base editing of sequences were also carried out, intending to fix eventual software mistakes. ESTs were then assembled in clusters of contiguous sequences using the CAP3 program (Huang and Madan 1999) , set to join only sequences with at least 98% of base identity. Therefore, each cluster sequence basically derives from the alignment consensus of .98% identical ESTs and was considered as a virtual ''transcript'' for the following annotation and analysis steps. A second round of grouping, using the lowest stringent parameter on CAP3 (66%), was also performed over the cluster to facilitate the identification of groups of related clusters (here referenced as GRC) that may represent sets of paralogous cDNAs. Each cluster sequence (not the GRC consensus) was searched against GenBank NCBI databases by network-client BLAST package (http:/ /www.ncbi.nlm.nih.gov/blast/download.shtml) using BLASTX and BLASTN algorithms to identify similar products with an e-value cutoff ,10
À5
. No-hit sequences were also checked for the presence of signal peptide using SignalP 3.0 (Bendtsen et al. 2004) . A final annotation table in Microsoft Excel format was generated containing all the relevant information about clusters.
Alignments and phylogeny inference: The sequences used for the phylogenetic analyses were obtained through Blast or Entrez searches on GenBank or SWISS-PROT or kindly provided prealigned by B. G. Fry (Fry 2005) and their accession numbers are referred to in Figures 3-6. Multidomain proteins were trimmed only to the domain of interest. Detailed analyses of individual sequences were done using Vector NTI 9.1 suite (Invitrogen) and alignments of the sequence sets were carried out by the CLUSTAL-W algorithm (Higgins et al. 1994) followed by manual editing. For the Bayesian inferences of phylogenies based upon the posterior probability distribution of the trees, we used the MrBayes software version 3.1.1-p1 (Ronquist and Huelsenbeck 2003) , utilizing 2 3 10 6 numbers of cycles for the Markov chain Monte Carlo algorithm.
RESULTS
EST sequencing and clustering: Since many snake species are endangered, rare, or difficult to keep in captivity, as is the case in the genus Lachesis, we obtained a pair of venom glands after the natural death of a specimen in captivity. The purified mRNA was of good quality, as assessed by in vitro translation assay (supplemental Figure 1 at http://www.genetics.org/supplemental/). The taxonomic classification of the genus was redefined some years ago, but we confirmed this rare specimen as L. muta by sequencing its mitochondrial NADH dehydrogenase and cytocrome B cDNAs and comparing them to sequences of the specimens used to define the genus by Zamudio and Greene (1997) (supplemental Table 1 at http://www.genetics.org/supplemental/). The random sequencing of this library gave readable sequences for a total of 2095 clones that were grouped with stringent parameters to form 1162 clusters of unique sequences (including 941 singlets and 221 of two or more ESTs). These clusters were also compared against each other with weak parameters (66% identity on CAP3) and arranged in 1029 GRCs, from which 70 have two or more clusters that may represent paralogous transcripts, isoforms, alleles, etc., and the remainders are clusters with no similar sequences. Since toxin families were shown to be highly expressed in snake transcriptomes ( Junqueira-de-Azevedo and Ho 2002), the analysis of the abundance of these GRCs is also useful in observing the expression patterns of transcripts coding ''toxin'' or ''nontoxin'' proteins and thus in defining thresholds that could help to mine for new toxins, supporting a given transcript as a toxin or not. Therefore, the frequencies of GRCs according to the number of ESTs that they contained are shown in Figure 1 , tabulated separately for GRCs further identified by similarity (see below) as coding ''toxin'' or ''nontoxin'' proteins. The lowly expressed GRCs (those with a low number of ESTs) are much more frequent than the highly expressed ones (those with many ESTs on a GRC), especially for the nontoxin GRCs (Figure 1 , dotted bars). Nevertheless, the frequencies of medium to highly expressed ''toxin'' GRCs (solid bars) are unusually high, holding a large set of ESTs (shaded area). This allows the approximation of a threshold of abundance (approximately more than three ESTs per GRC) beyond which the sequences in a GRC are more often expected to be toxins, as shown below.
Consensual cluster sequences were compared against GenBank: 429 (25.1%) were not identified, but 717 (74.9% of clones) produced significant hits (e-value ,10 À05 ), being separated in those matching known toxin sequences (toxins) and those matching any other products (nontoxins) (Table 1 and Figure 2 , center).
The complete list with putative identifications can be provided upon request.
The typical Viperidae toxins: The overall distribution of toxins (Figure 2, right) shows that the most common types of pit viper toxins may be present in L. muta. Their relevant properties are described below.
The Bradykinin-potentiating peptides/C-type natriuretic precursor is the most expressed toxin transcript: The Bradykinin-potentiating peptides (BPPs)/C-type natriuretic precursor (CNP) was identified by similarity to that from many species and represents 72% of all toxin transcripts and 20% of venom gland mRNAs. There were 27 clusters (418 ESTs), all but one included in the GRC 21. In fact, there are two almost identical cDNAs differing by a few nucleotides, each one containing half of the total ESTs, suggesting two expressed alleles. The prototypical BPP precursor found here contains five BPPs (Lm-BPP 1-5) interspersed with spacers, plus the 22-amino-acidlong CNP at the C terminus, and was further studied by means of resequencing the cDNAs characterized from the venom and is described elsewhere (Soares et al. 2005) . The remarkable feature is that Lm-BPP 1 is unique because it was shown by matrix-assisted laser desorption ionization time-of-flight mass spectrometry to be processed at the N terminus, being three residues shorter than that expected from the cDNA, beginning with a Trp at the N terminus (Soares et al. 2005) , whereas all other purified BPPs have a N-terminal Gln residue that is circularized to pyroglutamate (Higuchi et al. 1999) .
The different types of SVMPs reveal a domain-exchanging mechanism: SVMP precursor cDNAs are classified in three confirmed structural groups according to the presence of extra domains ( Figure 3A ) (Hite et al. 1994) . Two L. muta SVMPs have been characterized so far: mutalysin I, a highly hemorrhagic protease, and mutalysin IIa, a low hemorrhagic but potent fibrin(ogen) olytic protease, probably from the N-I type (Sanchez et al. 2003) . This mutalysin IIa was almost perfectly matched with cluster LMUT0061C, and the four-residue differences suggest that it could be the mutalysin IIb isoform (Sanchez et al. 2003) or a new one.
It was also possible to identify some precursors passing through the disintegrin region, including five of the N-II group ( Figure 3B ). The only disintegrin characterized so far from Lachesis is lachesin (P31990) and two clusters match it: LMUT0050C with 100% and LMUT0067C with an Ala / Thr polymorphism (at position 22 of the alignment). LMUT0023C has an important distinctive feature in lachesin: in addition to two position changes, there is a three-amino-acid insertion (position 25-27), including an extra cysteine residue, proposed in jerdonitin (AAQ63966) from Trimeresurus jerdonii to form an extra disulfide bond responsible for the linking of disintegrin with the metalloproteinase domains, which hinders the release of the first from the latter after processing (Chen et al. 2003) . Two related clusters, LMUT0836S and LMUT1111S, are structurally interesting because indubitably they are N-II precursors, since they have the stop codon after the disintegrin domain, but they show more sequence similarities to N-III at the metalloprotease (not shown) and at the beginning of the disintegrin region ( Figure 3B ). For instance, the 14-residue N-terminal linker sequence of the longer one (LMUT0836S) is identical to that of N-III metalloproteases, including a cysteine residue present in N-III and in some longer N-II-derived disintegrins, such as bitistatin (P17497). In these clusters, there is an alternative GGD sequence in the place of the canonical RGD integrin-binding site. The derived polpolypeptide of these clusters, if present in the venom, is likely to represent a possible atypical novel P-II long disintegrin.
Assuming that N-I, N-II, and N-III precursors are present in hundreds of species and thus are supposed to have diverged early, the ''mixed'' molecules found here could possibly result from a convergent shift of a given type to another after gene duplication, either by accumulating punctual changes along the molecule or by gaining, losing, or exchanging parts of their genes. In fact, examining cDNAs from various precursor types, we found three pieces of evidence pointing to the existence of this second possible molecular evolutionary mechanism. First, if the stop codons of N-I mRNAs (after the metalloprotease domain) are ignored and the immediate beginning of the 39-UTR is forcedly translated, we will obtain an amino acid sequence matching the N terminus of the N-II disintegrin domain, followed by the C terminus of the N-III Cys-rich domain (boldface lowercase residues of LMUT1069S and AF490533 N-I precursors in Figure 3B ). In the same way, if the stop codons of N-II mRNAs (after disintegrin) are ignored, the following codons reveal the amino acid sequence of the C terminus of the N-III Cys-rich domain (N-II boldface lowercase residues in Figure 3B ). This observation is not restricted to the L. muta mRNAs but could be extended to other species. Second, a very unusual cluster, LMUT0065C, codes a molecule with a signal peptide, followed by a frameshifting deletion of the first 33 amino acids from the prodomain, after which only the C-terminal Cys-rich region is present, being absent in the important catalytic and disintegrin domains ( Figure  3B ). This unusual cDNA is not simply an artifact since there are six independent clones with this improbable organization. And third, a disintegrin cDNA precursor coding only for the signal peptide, the prodomain, and the disintegrin (without the metalloprotease) was described from Agkistrodon species (BAC55944; Okuda et al. 2002) (Figure 3B ). These observations suggest that the distinct domains of SVMPs, in fact parts of them, may be coded by different gene segments (probably exons) that could be lost or gained in each precursortype gene, possibly by exon-shuffling mechanisms.
Wide range of serine protease functions: Three subgroups of serine proteases, named according to their main (but not exclusive) activity, were proposed and associated with typical residues: CL, for coagulating enzymes; PA, for plasminogen activators; and KN, for kininogenases (Wang et al. 2001) . Our database revealed eight clusters of matching serine proteases, six within the coding region that could be putatively assigned to the three groups (supplemental Figure 2A at http://www.genetics. org/supplemental/). LMUT0131C, although partial, was very similar to venombin (S35689), a fibrinogenase characterized from L. muta. Accordingly, it possesses typical basic residues, R 91 and R 193 (numbering based on chymotrypsinogen), in addition to F 96 and T 97 , both usual in CL (supplemental Figure 2A at http://www. genetics.org/supplemental/). LMUT0128C was full length, possessing the V 84 , S 94 , and S 95 typical of the KN group. Interestingly, it is more similar to halystase (P81176), a KN from Agkistrodon halys, than to LV-Ka, a KN already described from L. muta (Weinberg et al. 2004) , suggesting that it is another KN from this species. Finally, LMUT0402S, which was full length sequenced with internal primers (data not shown), is similar but not identical to LV-PA from L. muta venom (P84036) and shows the P 93 , N 94 , R 95, and the acid residue at 97, suggesting another plasminogen activator. Since various other partial clusters were found, a high diversity of this component in the venom should be expected, as previously suggested (Diniz and Oliveira 1992) .
The common C-type lectins: Common C-type lectins (CTLs) are dimeric proteins containing a carbohydrate recognition domain (CRD) and are ubiquitously expressed in almost all snake venoms. Six different CTL clusters were observed. LMUT0078 and LMUT0074 correspond, respectively, to a-and b-chains of factor Xa inhibitors from various sources (supplemental Figure  2B at http://www.genetics.org/supplemental/ and Figure 4) . Interestingly, both are within the equally most expressed GRCs of CTLs, reflecting the equal stoichiometric ratio expected for the two chains of a dimeric protein. LMUT0112C is not a complete cluster but its sequence is 97% identical to mutina, the galactose binding ''true'' lectin of Lachesis stenophyrs (AragonOrtiz et al. 1996) . Another possible CTL with a very unusual sequence was also found and is described latter.
PLA2s: Two clusters of PLA2s, LMUT0119C and LMUT0188C, were identified-the first with 25 ESTs assembling a full-length cDNA and the second, with 2 ESTs, generating a partial sequence. Both are typical acid (Asp49) PLA2s. Interestingly, LMUT0119C did not show a perfect match with any of the four L. muta PLA2 isoforms previously characterized, and the other, LMUT0188C, could yield only an inconclusive match with LM-PLA-I and -II (Damico et al. 2005) due to the partial coverage. It should be noted that we were unable to find (Lys49) PLA2.
l-amino acid oxidases: Two almost identical clusters (within GRC 66) code for l-amino acid oxidases (LAOs). LMUT0069C is the longest cDNA assembled on the library (2705 pb), matches LAO from Viperidae ($90%) over the entire extension, and should correspond to the L. muta LAO identified earlier by . Although LAOs have been studied for a long time regarding some activities, they have an unclear role in venoms.
Growth factors: Some growth-factor-like proteins are now known to be constituents of many snake venoms. Nerve growth factor (NGF) was first isolated (HogueAngeletti et al. 1976) , but its role is still controversial. More recently, Komori et al. (1999) , Gasmi et al. (2000) , Junqueira-de-Azevedo et al. (2001) , and others have described snake venom vascular endothelial growth factors (svVEGFs) from Viperidae species. Subsequently, several studies have extended these observations, helping to establish it as a hypotensive and vascular-permeabilityincreasing factor. Here we found clusters coding for single forms of both NGF and svVEGF, helping to establish their wide occurrence.
Other remarks: A singlet cluster matching only the long 39-UTR of a dipeptidylpeptidase 4b cDNA, an unpublished sequence from Gloydius blomhoffi, was also found and, surprisingly, no cluster coding for the recently described cysteine-rich secretory proteins, shown to be present in many snakes from Elpidae to Viperidae (Yamazaki et al. 2003) .
The atypical possible toxins: In addition to the presence of common Viperdae toxins, to our surprise, one cluster codes a very divergent form of CTL and two other code sequences that are similar to toxins described only in Elapidae venoms.
A divergent CTL from a new recruitment: The descriptions of new venom CTL sequences usually report molecules not very divergent from previously known ones. Conversely, LMUT0114C is a medium-abundant cluster that unusually shows identities at the same low level ($34%) to snake and nonsnake lectins, including a different Cys pattern at the C terminus (supplement Figure 2B at http://www.genetics.org/supplemental/). In agreement, Bayesian phylogenetic analysis of the CRD region places it in an undefined branch with many metazoan CTLs involved in several roles, including that of a fish toxin (AAU11827), but separated out with a strong branch support from the typical snake CTLs, which appear to be derived from a single ancestor sequence related to the nontoxin reg4 protein (Figure 4) . If we assume the wide distribution of CTLs in the most distant snakes, and, despite this, its grouping under a single common ancestor, this atypical LMUT0114C would suggest a different event of CRD recruitment to the venom, possibly from a diverse source of CTL scaffold. While it cannot be definitely classified as a venom constituent, our data suggest this, since its expression level (five clones) is above the proposed ''toxin cutoff'' and its ORF has the organization of the typically secreted CTLs rather than that of many physiological proteins, which are proteoglycans or membrane-associated proteins that contain other extensions in addition to the CRD. Interestingly, in the Bothrops insularis transcriptome ( Junqueira-deAzevedo and Ho 2002) we also found a distinctive CTL (BINS0004C), but in this case it could be grouped with snake CTLs although it should have diverged earlier (Figure 4) . These CTLs are then likely to be very recent with an unexpected function remaining to be investigated.
Ohanin-like is also a Viperidae toxin: Ohanin was first isolated from Ophiophagus hannah (king cobra) and shown to cause hypolocomotion and hyperalgesia in mice (Pung et al. 2005) . Thai cobrin (P82885), another related protein from Naja kaouthia, was deposited in databases without further publication. A related molecule was also recently identified in the incipient maxillary venom glands of the lizard Pogona barbata from the family referenced as Vespryn (Fry et al. 2006) . The snake molecules are 93% similar to each other and much less ($54%) similar to the PRY-SPRY domain containing proteins. These in tandem subdomains are part of a larger B30.2-like domain conserved in the C-terminal region of many proteins showing distinct functions, including buthyrophilin (an integral membrane protein secreted in milk fat droplets), RING-finger proteins (cytoplasmatic), stonustoxin (a fish toxin), and many others. The cluster LMUT0120C, composed of four clones, shows 93 and 85% identity, respectively, to the mature ohanin and to Thai cobrin, thus becoming the third member of this new group of toxins ( Figure  5A ). The complete cDNA sequence of 1500 bp was resolved with internal primers (data not shown), which code a precursor molecule of 218 amino acids, with the probable starting methionine 48 residues upstream from the position corresponding to the mature N terminus of ohanin ( Figure 5A ). Conversely, the unpublished ohanin precursor available on databases (AAR07992.2) has its starting codon only 20 positions upstream from the mature N terminus ( Figure 5A ). The precursor indicates also a C-terminal processing, since the molecules purified from the venom end 63 residues before the stop codon (Pung et al. 2005) . This processed C terminus is different from other B30.2 proteins ( Figure 5B) ; it is shorter and predominantly hydrophobic (see plot in Figure 5A ), perhaps suggesting a membrane association during the maturation process. These ohanin-like proteins would be the shortest members of the B30.2 family, and, whatever their main activity is, it is probably due only to the PRY and the half-SPRY domains, whereas other members also have longer and distinctive N-terminal domains responsible for their various activities ( Figure 5B ). In addition, unlike most of the other B30.2-containing proteins that are cytoplasmatic or nuclear, these are secreted, and unlike other toxins, have a low Cys content. The finding of this L. muta ohanin-like toxin would show the general occurrence of this new type of B30.2 protein in different venoms and may provide some insights into the structure and function of this widely distributed domain.
The three-finger-toxin-like scaffold is available in Viperidae: Perhaps the most interesting observation of this work is the finding of an abundant cluster (LMUT0205C), composed of nine clones, assembling a complete cDNA of 561 bp with an ORF of 95 codons, including a signal peptide that, when translated, matches Elapidae threefinger-shaped toxins (3FTx). These are short proteins, 60-75 residues long, involved in several pharmacological effects, which are most related to their ability to bind and block nicotinic acetylcholine receptors, resulting in the famous postsynaptic neurotoxicity of oriental and marine snake venoms (Nirthanan and Gwee 2004) . Different from the above case of ohanin-like toxin, which is a recently described class of toxin, during the last 50 years there have been up to 350 sequences of snake 3FTx found exclusively in Elapidae (including Hydrophiinae) venoms and only recently in Colubridae (Fry et al. 2003a) . The most important conserved feature of their sequences is the cysteine arrangement, which involves four or five disulfide bonds responsible for the characteristic structure of three b-sheet looped domains, known as the ''three-finger'' shape. The distinctive features of their sequences have been largely correlated to the particular activities, making these short toxins a good target for structure-function and drug development studies (Menez 1998; Nirthanan and Gwee 2004) . This shape also appears in some other groups of proteins, as follows (see Figure 6A ): (i) as the whole molecule of some secreted proteins, such as the frog toxin xenoxin and the mammal blood protein SLURP1; (ii) as part of physiological surface proteins containing a hydrophobic GPI consensus at the C terminus, such as CD59 antigen, Ly6, and Lynx; (iii) as the N-terminal half of the snake plasma gamma PLA2 inhibitor (gPLI); and (iv) three times in tandem repeated in the urokinase plasminogen activator receptor (uPAR). Clusters coding this later (LMUT0690S) and CD59 (LMUT0016C) were also found, but the presence of the C-terminal or in tandem domains leaves no doubt that they are not other 3FTx-like toxins.
Sequence comparisons of LMUT0205C-coded polypeptide show few similarities with 3FTx, not allowing even a speculative prediction of what kind of activity it could have if present in the venom. However, it possesses the short-distance Cys bond in loop I, present in some venom 3FTx and in almost all nontoxins ( Figure  6B ). Bayesian phylogenetic analysis ( Figure 6C ) based on the data set previously used by Fry (2005) , in fact, placed it in the basal but not the exclusive node with 3FTx, together with domain 2 of uPAR. But this analysis was carried out on the strict 3FTx domain, and if we consider the surrounding regions outside the 3FTx domain, it becomes clear that this is a protein of the type (i) cited above ( Figure 6A ), since its ORF matches the beginning and the ending positions that are characteristic of those from the venom 3FTx, the frog toxin, and the SLURPs. However, the phylogenetic data clustered these short secreted proteins out from LMUT0205C. Although the correct assignment of it as a toxin or not depends on biochemical analysis, the phylogenetic information, the fact that it was cloned from a snake venom gland, and the expression level (nine ESTs) that is three times higher than the proposed ''toxin cutoff'' suggest that it is a possible new toxin.
Other sequences related to venom functioning: In addition to those clusters matching snake toxins, either from Viperidae or Elapidae, some sequences do not match any snake protein and would be classified at first glance as cellular proteins, but due to particular reasons we could associate them with possible venom functions. There are also toxin inhibitors never observed in the venom glands, possibly associated with a protective effect on their cells, although a possible participation in the envenoming through inhibition of host enzymes should not be discounted (see Table 2 ).
Panorama of clusters related to venom gland physiology: The large universe of nontoxin matching transcripts, 47% of ESTs (649 clusters), was categorized according to the major physiologic functions of cells.
A low redundance was observed, 1.5% (vs. 8.4% for toxins), indicating that the universe of cellular transcripts is very diversified and that this medium-throughput EST sequencing will give only a survey of them rather than a complete description. Nevertheless, the relative abundance of each category could be estimated (Figure  2, left) . As previously observed for venom glands and other secretory tissues, DNA transcription and translation is the most expressed set, indicating protein synthesis specialization of this tissue. Accordingly, protein processing and sorting is also intense and the individually most expressed nontoxin transcript is within this category: the protein disulfide isomerase (2 clusters containing 15 and 8 ESTs each). Several (117 clusters) conserved cDNAs with unknown function were found. Six different (retro)transposable-like elements were identified in our dbEST, as previously observed for B. insularis ( Junqueira-de-Azevedo and Ho 2002). Most are truncated forms of ORF2 from several sources but one of them corresponds to the Bov-B LINE, reported inside the PLA2 and other toxin introns and is highly widespread on Viperidae genomes (Kordis and Gubensek 1997) . The close relationship of these sequences with toxin gene duplication is becoming evident and the Clusters not matching venom components that may be associated with venom functions
Product
No. of ESTs Reason 59 nucleotidase 3 59 nucleotide degradation activity is widely described in snake venoms but the enzyme responsible for it has never been characterized. The molecule found has a signal peptide. ADAM (a disintegrin and metalloprotease) 1 Metalloproteases closely related to the SVMPs, the important toxins from Viperidae. The sequence found showed a strong match to ADAM 4 at the C-terminal spacer portion. Cathepsins L and S 2 Although cysteine proteases have never been described in snake venoms, they could be involved in venom processing. Due to the importance of proteases in envenoming, they may also be involved in toxicity. uPAR (urokinase type plasminogen activator receptor) 1 Tissue-type plasminogen activator is present in most Viperidae venoms. This uPAR may point to some involvement of uPAR in coagulation disturbances. Its second 3FTx domain is aligned in Figure 6 . S-lectin 1 Galectins show cell-surface interaction functions that may be related to the roles of CTL. These proteins are secreted without a signal sequence and were never described in snake venoms. b-PLIs (b-PLA2 inhibitors) 10 b-PLIs are trimeric proteins of 50-kDa glycosylated subunits, known for inhibiting venom PLA2s. They were isolated from plasma of only two snake species and thought to be expressed in the liver and then secreted. TIMP (tissue inhibitors of metalloproteases) 2 May be an inhibitor of SVMPs. TIMP1 has never been described as a natural protective molecule against SVMPs, although several other types of inhibitors were described in snake sera.
biological significance of their expression in the venom glands is an interesting matter to be explored. There were 429 clusters (25% of total) without significant matches to the database (e-value .10e-05) that are generally in low abundance (approximately one clone per cluster). But there was an extreme exception: GRC 08 grouped 18 clusters (62 ESTs) with absolutely no hit found against any database over its .2-kb sequence extension. Intriguingly, no ORF was found, with all the frames showing several stop codons. So this could indicate an unusually long 39-UTR of some incomplete highly expressed molecule or possibly a regulatory RNA that could be important in this highly expressing tissue. From the rest of the no-match set, the longest ORFs from each cluster were predicted and screened for possible signal peptides. Sixty-four were positive, 24 of which were highly probable, which might represent new venom components.
DISCUSSION
The diversity of toxin components makes venom a valuable source of bioactive molecules that frequently interfere with the homeostasis of prey by pathways related to common physiopathological processes. The information given by a pool of transcripts would be a first step in cataloguing this diversity but should be considered under the notion that not all of them would be translated in proteins and those translated could not arise in proteins at the same level of their mRNAs and should pass through several post-translational changes. Nevertheless, transcriptomic approaches based on ESTs applied to venom study are proving to be valuable tools in describing sequences of previously isolated toxins and in identifying new unexpected ones, which would not be feasible through direct biochemical approach ( Junqueira-de-Azevedo et al. 2001; Junqueira-deAzevedo and Ho 2002; Francischetti et al. 2004; Kashima et al. 2004; Magalhães et al. 2006; Qinghua et al. 2006) .
In this work, we have attempted to investigate possible toxins from the Viperidae snake L. muta through a transcriptomic approach. This fragile equatorial species is difficult to keep in captivity and the few animals that have thrived ex situ are used in antivenom production. The specimen used here was obtained from such a source and its transcriptome represents the catalog of messages from this animal at one moment, perhaps not representing the large variability of venom commonly observed between individuals and the possible variation within a single individual during aging (Chippaux et al. 1991) . Considering this, we observed that the transcripts related to known toxins make up more than a quarter of the gene expression in L. muta venom glands, which is much lower than that observed for B. insularis (56%) ( Junqueira-de-Azevedo and Ho 2002), for Bothrops jararacussu (60%) (Kashima et al. 2004) , for Bitis gabonica (46%) (Fransischetti et al. 2004) , or for Agkistrodon acutus (40%) (Qinghua et al. 2006 ). This could be related to the fact that the animal used was not stimulated to produce venom by milking prior to the RNA extraction and may represent the physiological steady-state transcription of this tissue. The striking observation of those toxins is the unexpected exaggerated abundance of BPP precursor mRNA. Most probably there is a differential regulation of BPP mRNA expression and/or turnover in the steady state, since no other studies reported such an expression level of BPP mRNA in stimulated venom glands. The peptides secreted to the venom may or may not be at the same abundance, but these data and the presence of an unusually processed BPP at the venom (Soares et al. 2005) suggest an important contribution of this component to the known hypotensive effect of the venom ( Jorge et al. 1997) . The overall occurrence of the other toxins is consistent with that observed in the Viperidae transcriptomes cited above.
In addition to the typical toxins expected for a Viperidae species, we also identified unusual possible toxins represented by (i) diverging members of those common classes; (ii) molecules related to toxins occurring in distant snake groups; and (iii) proteins that, although not matching toxin sequences, could be new toxin candidates. As an example of case (i) of diverging members from a common toxin class, we found a distinctive CTL transcript that possessed a diverse evolutionary history. As examples of case (ii), for the first time in a Viperidae snake a representative sequence of the most important group of Elapidae/Colubridae toxins (3FTx), which possesses a versatile scaffold exploited in evolutionary history for many physiological purposes or artificially in drug development, was observed (Menez 1998) . In addition, the ohanin-like molecule, being found in a Viperidae, reshaped the notion of an exclusive Elapidae toxin. In case (iii), there are some sequences such as the 59 nucleotidase, some proteases, etc., whose reported activities resemble venom toxicities or also toxin inhibitors that should be reanalyzed as possible new toxins.
It is not possible to define whether the ''Elapidae proteins'' (3FTx-like and ohanin-like) are present in other Viperidae species and simply not yet observed or are characteristic of Lachesis. The possibility of other Viperidae orthologous yet undiscovered seems more reasonable, since only a few large cDNA data sets are available. The recent transcriptomic analysis of A. acutus (Viperidae) report clusters matching, by BlastN searches, nucleotide sequences of 3FTx from Elapidae, but noncoding parts of toxin genes are used to be widespread in snake genomes (Kordis and Gubensek 1997) . In fact we also observed other clusters in our database matching the same 3FTx gene segment from Bungarus multicinctus, but they seem not to code a polypeptide. Other reports of postsynaptic 3FTx neurotoxins in Viperidae are based only on immuno or pharmacological evidences ( Jiang et al. 1987) and do not describe sequences, excepted by a N terminus of a possible 3FTx from Daboia russelli (Shelke et al. 2002) .
In any case, one can ask if these unusual proteins derive from a plesiomorphic character present in a common Elapidae/Viperidae ancestor or derive from a new recruitment event (an apomorphic character). For the ohanin-like, since the similarity is high and this class of protein was only recently described (Pung et al. 2005) , being reported also in lizards (Fry et al. 2006) , we believe that a common origin is very probable. For the diverging 3FTx, the phylogenetic tree also suggests a common and ancestral origin with Colubridae and Elapidae toxins, but in this case, the evidence is not very strong, since the uPAR (domain 2) also was in the group. The short length and the rapid evolution of the 3FTx group make a through conclusion on the basis of this single Viperidae sequence difficult. The Colubridae 3FTx (a-colubritoxin), for instance, was more closely grouped within Elapidae toxins here and elsewhere and has been proposed to evolve before the split of the Colubroidea superfamily (Fry et al. 2003a) . In fact, the recently proposed phylogenies of snake 3FTx are strong in grouping most functional types with common ancestors but not very efficient in showing their order of appearance; meanwhile, their evolutionary relationship with the nontoxin proteins is also not well demonstrated (Fry et al. 2003b; Phui-Yee et al. 2004; Fry 2005) , frequently resulting in polytomic trees, as we obtained. Because it commonly or independently originates with snake venom toxins, the possible presence of a 3FTx protein in a Viperidae venom will support the 3FTx domain as a versatile scaffold for toxic purposes, independent of the pharmacological action, which is conceivable if we consider the well-known versatility of this domain in binding many diverse things (AlapeGiron et al. 1999) . If not a toxin, it will become a singular new member of the proteins possessing the 3FTx shape. Independently of the steps in the evolutionary process, the idea of recruiting or upholding important scaffolds for diverse functions (Alape-Giró n et al. 1999) will be sustained once more, as in other cases discussed here. And primarily, Viperidae venoms should be reanalyzed in the search of such unexpected molecules.
The relationship between the evolutionary origins of the main taxa of venomous reptiles and the time at which the toxin classes appeared is only now becoming of interest (Fry et al. 2006) , but several particular issues still need to be addressed. In any case, it is possible to speculate, on the basis of the molecules observed here and from the literature, that the repertoire of toxin scaffolds available for recruitment in snake families is not very distinctive, despite the different abundance that they present. This means that one could require more molecules of a given type whereas the other would discard them for adaptation purposes, although a common scaffold could still be present.
The bioinformatics analysis of large sets of toxin cDNAs also allows some insights into the mechanisms of recruitment and evolution of some protein domains. For instance, the SVMP cDNAs show stretches of sequences presented as 39-UTRs in some transcripts and as parts of translated domains in others, suggesting that exon shuffling between paralogous genes followed by stop codon mutations may allow a recruitment/disposal of particular domains. This could eventually happen more than once during SVMP evolution in a particular species, thus allowing the generation, for instance, of N-II precursors with an N-III resembling metalloprotease domain, as observed for LMUT0836S or for the intriguing LMUT0065C, which may result from a ''misassembled'' allele. Of course, the ultimate resolution of this hypothesis will depend on the cloning of SVMP genes, an important but until now neglected issue in the literature. Another feature of the domain organization of toxins that we could observe from the different classes of proteins in the database is that the snake toxins frequently seem to correspond to a minimally functional domain of some large multidomain proteins, which act as a provision for innovations. The role played in concert by a single domain within a multidomain protein could be changed if it is expressed alone and thus altered to a new function. There are many examples of this, as for the SVMPs that lack some domains present in a disintegrin and metalloprotease (ADAM) counterparts and in the case of CTLs that are represented in the venom only by the CRD domain. And it is even more evident for the two ''Elapidic'' molecules noted here: the 3FTx-like molecules, whose single domain could be represented as a part of larger nontoxin molecules such as CD59, Ly6, PLIs, or uPAR and the ohanin-like molecules containing a partial B30.2 domain, the first reported to be secreted without the extra domains found in their nontoxin counterparts. Of course, all the inferences about the ancestry of these domains would be speculative here, but further investigative efforts in light of these new molecules uncovered by transcriptome could help in understanding the origins of venom toxin.
Independently of the evolutionary aspects of those molecules, several complete and partial L. muta mRNAs were described, hopefully contributing to future understanding of venom functioning, toxin biochemistry, and immunogenic aspects relevant for antivenom production and other pharmacological interests. In addition to these interests in toxins, if we consider the hundreds of animals from the most variable taxa being scarcely studied by means of sequencing, the reptile quota is clearly underestimated, leaving a large gap of knowledge on this Chordate, which the nontoxin-like transcripts available here and from similar works would help to fill. 
